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SUMMARY
A mathematical representation for the charge and discharge of a sodium-
sulfur cell 1s developed. These equations are then used as the basis for a
computerized model to examine the effects of cell arrangement 1n the design of
a large multl-kilowatt battery from a group of hypothetical Individual cells
with known variations 1n their ampere hour capacity and Internal resistance.
The cycling characteristics of 216 Individual cells arranged 1n six different
^ configurations are evaluated with the view towards minimizing the adverse
o effects that are Introduced due to the stolchastlc aspects of groupings of
*? cells, as well as the possibility of cell failures 1n both the open and shorted
m
 mode. Although battery systems based on sodium-sulfur cells are described 1n
this example, any of the newer electrochemical systems can be fitted Into this
framework by making appropriate modifications to the basic equations.
INTRODUCTION
The sodium-sulfur cell 1s comprised of liquid sodium and sulfur electrodes
separated by a solid sodium beta1'-alumina electrolyte. This secondary cell 1s
characterized by Its high theoretical energy density (760 Wh/kg), coulomblc effi-
ciency (100 percent), and current densities (ref. 1), as well as an operating tem-
perature of 350 °C. Since Its Inception by Kummer and Weber 1n 1967 (ref. 2)
the cell has reached a fairly advanced state of development (ref. 3). Improve-
ments 1n cell components and production control have lengthened the life of
sodium-sulfur cells to an average cell life of about 1500 cycles (ref. 4). With
anticipated Increases 1n cell life, due to separator advancements and quality
control, large scale battery development 1s now a reality. The build-up of a
large (multi-kilowatt) battery necessitates the use of a large number of single
cells electrically connected to produce the required voltage and current. The
use of a large number of cells allows an Increasing number of options 1n select-
Ing the manner 1n which cells can be arranged to obtain the desired battery
requirements.
There are several characteristics that are currently associated with the
sodium sulfur technology that makes 1t desirable to examine, on a cell-by-cell
basis, Individual cell operation within a completed battery. It has been sug-
gested (ref. 5) that there may be certain upper limits to the current density
within the ceramic separators that are consistent with long cycle and calendar
life. Likewise, there are also limits to the depth of discharge as a conse-
quence of solubility limits associated with the electroactlve species. Fur-
ther, the random breakage of ceramics due to heating and cooling or as a
consequence of type I or type II failures (ref. 6) results 1n cells that are,
1n effect, shorted. The fuse link technique used to circumvent problems caused
by increased currents within nearby cells has the drawback of distributing the
current flow 1n nearby battery elements. The use of Inexpensive computer
techniques to model, as a first approximation, these very complex Interactions
will help 1n the selection of one battery configuration over others that from
a power standpoint may be equivalent.
CELL OPERATION
The E.M.F. of a sodium-sulfur cell Is characterized by the composition of
the sodium sulflde species present. Figure T(a) (ref. 7) shows the open cir-
cuit potential as a function of composition. This can be directly related to
the depth-of-d1scharge as shown 1n figure l(b). The open circuit potential
remains constant at 2.078 V during the Initial discharge to a composition of
Na2s5.19- During this period the reactant sulfur and product sodium poly-
sulflde exist as two Immiscible liquids (L-) and L2). Upon further reduc-
tion of the polysulflde, a single liquid exists (L2) which has a linear
decrease of potential until 1t reaches a composition of N32S2 93 and a
voltage of 1.78 V. This 1s the practical limit of discharge since further
reduction results 1n the precipitation of Na2S2. Using this relationship
of 1 mole of sulfur to 0.671 moles of sodium as a depth-of-d1scharge equal to
100 percent, the open circuit potential of a sodium-sulfur cell can be
expressed as a function of the amount of sulfur reduced. This can be stated
mathematically as:
V = 2.078 - 0.296*Fr + 0.05*Exp (-95.25*000) (1)
where: 2.078 1s the open-circuit voltage of the sulfur-sodium pentasulflde
mixture. 0.296 1s the rate of change of open-circuit voltage due to the. reduc-
tion of the polysulflde from Na2S5>19 to Na2S2 98. Fr2 1s the amount of poly-
sulflde reduced from Na2S5.i9 to Na2S2.98. The exponential term accounts
for the change occurring due to pure sulfur going to a mixture of sulfur and a
small amount of sodium pentasulflde. The discharge or charge voltage will also
be governed by the resistance and current. These can be Incorporated Into the
equation for discharge and charge as shown 1n equations (2) and (3).
Discharge:
2.078 - 0.296*Fr2 - I*R 0.05*Exp (-95.25*000)
Charge:
E = 2.078 - 0.296*Fr + I*R + 0.05*Exp (-95.25*000)
(2)
(3)
where: I 1s the current 1n amperes; R 1s the resistance In ohms.
other terms are the same as equation (1). All the
The equations for charge and discharge of the sodium-sulfur cell describes
the actual performance very well as shown 1n figures 2(a) and (b). Figure 2(a)
depicts the actual and calculated potential or a function of state of charge
while figure 2(b) shows the difference 1n potential between the actual and cal-
culated potential as a function of state of charge. Figures 2(a) and (b) are
representative of four sodium-sulfur cells tested by the Wright Aeronautical
Laboratory (ref. 8). The mean variation between the equation and data points
1s 2.7 mV. In this set of cells 1t was found that the charging resistance was
larger than the discharge resistance and could be expressed by equation (4).
ChrgR = -25.31 + 4l.l4*D1schR (4)
where: ChrgR 1s the charge resistance 1n mOhms; DIschR 1s the discharge
resistance In mOhms.
Karas (ref. 9) has reported an Increase 1n resistance on charging as due
to the presence of sulfur at the electrolyte Interface and Stalkov (ref. 10)
has reported an Increase of resistance on discharging caused by a film being
formed on the sodium side of the electrolyte. Both authors report observations
of cells with equal charge and discharge resistance.
COMPUTER SIMULATION
Using these charge and discharge equations, a computer program was written
to allow multi-cell cycling.
Cell Discharge Logic
Each cell 1s considered as an Individual with Its unique capacity and
resistance. At the first level all cells connected 1n parallel are calculated
using the discharge equation with the requirements that the potential of the
cells are equal and the algebraic sum of the current 1s equal to the current
through the module. The second level sums the potentials for each set of
parallel groups to obtain the potential of a module. The third level calcu-
lates the current through each module with the requirement that the potential
of each module 1s equal and the sum of the currents through each module equals
the desired discharge current for the battery. The sets of equations requiring
Klrchhoff's laws to be observed are solved to give a potential current rela-
tionship for each cell at a given Instant 1n the discharge. By multiplying
each cell's discharge current by a fraction of the discharge time, an Incre-
mental discharge profile 1s established. By combining the Incremental dis-
charges 1n an 1ntegrat1ve process, the end of discharge potential, current, and
OOD of each cell 1s obtained.
Cell Charge Logic
The same procedure 1s used as 1n the discharge using the charging equa-
tion. The end of charge 1s selected depending upon the conditions:
(1) Normal cycling (no shorted or open cells); (a) when any cell reaches
100 percent of charge. No over charge allowed. Or, (b) when a cell reaches
3.0 V. Or, (c) when 115 percent of the discharge capacity has been returned.
(2) Shorted cell cycling. Normal cycling occurs for seven cycles, then a
cell 1s shorted with a resistance equal to Its nonshorted resistance, (a) when
a cell not 1n the shorted parallel group reaches 100 percent of charge. Or,
(b) when a cell reaches 3.0 V. Or, (c) when 115 percent of the discharge
capacity has been returned.
(3) Open cell cycling. Normal cycling occurs for seven cycles, then a
cell 1s opened. For the special case of one cell strings connected 1n
parallel, the entire string 1s excluded. Otherwise only the cell 1s excluded
from calculations. End of charge 1s the same as normal cycling.
A SODIUM-SULFUR BATTERY
Using the relationship between cell voltage, sulfur composition and cell
resistance, the effect of cell electrical connection was evaluated for a sim-
ulated set of 216, 150 Ah cells. These cells, produced by the Yuasa Battery
Company (ref. 11), have cell capacities between 100 and 160 Ah and cell Inter-
nal resistance between 6 and 13 mn. Figures 3(a) to (c) show the histograms
for 353 production cells and a simulated set using a beta distribution. The
simulated capacity and resistance distributions were then paired so that the
cells with the highest capacities would have the lowest resistance. From this
group 216 of the highest capacity cells were chosen for use 1n the simulated
battery. The simulated battery was configured so as to have an open circuit
voltage of 24.936 V when fully charged, 1n keeping with that proposed by K1ta,
et al. This required that 12 cells be connected 1n series. Figure 4 shows the
nomenclature used to describe the cell electrical connections. A battery 1s
composed of modules connected 1n parallel. Each module 1s composed of bundles
of cells which are connected 1n series and each bundle 1s composed of cells
connected 1n parallel. Since 1t was predetermined that the battery would have
open circuit voltage of 24.936 or 12 cells connected 1n series, this set the
number of bundles at 12. Each bundle could then have either 1, 2, 3, 6, 9, or
18 cells 1n parallel. The number of modules would then be 18, 9, 6, 3, 2, or
1, respectively.
For the purpose of simulated cycling, the battery was discharged to 70
percent of Its nominal capacity 1n 1.6 hr and charged at 25 percent of this
discharge rate. Since no Information was available for the charging or dis-
charge resistance, they were both set equal to the reported Internal resistance
(7.7U.46mQ).
Figure 5 shows the cell results of simulated battery cycling at
1191 amperes discharge for 1.6 hr and 298 amperes charge. As can be seen, the
manner 1n which the cells are arranged has an effect on the variation of the
Individual cell discharge parameters. The worst case occurs for two cells
connected 1n parallel. The other configurations show that by Increasing the
parallel cell connections from 3 to 18, Individual cell current variation
Increases relative to one cell strings, while the variation of cell OOD and
voltage decreases. Battery cycle life would Improve 1f both current and DOD
variation could be minimized. Since 1t 1s Impossible to arrange the cells so
as to obtain this minimum, a configuration with six or more cells 1n parallel
provides the best compromise.
SODIUM-SULFUR BATTERY WITH A SHORTED CELL
Cracked separator ceramics have been a long term problem associated with
these cells. They result 1n a "shorted" cell. The "soft" shorts that usually
preceds this failure 1s thought to be related 1n part to the current density
at which the Individual ceramic 1s operating (ref. 12). To simulate the
operating conditions of a battery with a shorted cell, one cell was arbitrarily
chosen and assigned a voltage equal to zero. The Internal resistance of the
shorted cell was kept equal to Its unshorted value. This 1s 1n effect
replacing the cell with a resistor. The battery was allowed to reach cycling
equilibrium (7 cycles) before the short was Introduced.
One cell per bundle (single cell strings) represents a special case.
During discharge the current does not change appreciably between shorted and
normal operation (53 and 65 A, respectively). During charge, the current 1n
the shorted case 1s larger than normal (31 and 10 A, respectively). These
differences are small enough so as to preclude any destructive effect. The
lower discharge current and higher charging currents produce a situation 1n
which the module (string) with the shorted cell has a lower DOD on discharge
and a higher rate of recharge. These two effects cause the other modules to
go to higher and higher DODs. this can be remedied by switching out the module
with the shorted cell when 1t reaches the fully charged state.
All configurations with cells connected 1n parallel (2, 3, 6, 9, and 18)
exhibit a similar trend; the shorted cell has sufficient current flowing
through 1t to cause serious problems. Figure 6 shows the exponential decrease
of current through the shorted cell as the number of cells 1n parallel 1s
Increased. The current being 574, 300, 251, 200, and 219 A for 2, 3, 6, 9, and
18 cells 1n parallel, respectively. This current flow, 1f not sufficient to
thermally destroy the cell, will create thermal control problems. Fusible
links have been suggested as a means of controlling the excessive current flow
through a shorted cell. ,
SODIUM-SULFUR BATTERY WITH AN OPEN-CIRCUITED CELL
If a fusible link 1s used to protect the battery from shorted cells, a
condition then exists 1n which one cell 1s missing from the bundle. To simu-
late a battery operating under these conditions, the current and voltage cal-
culations are performed with one cell omitted.
Again the case of a one-cell bundle 1s unique. In this configuration when
a cell failure causes an open circuit, the entire module (string) 1s lost. For
simulation of this case, the battery with one less module (17 rather than 18)
was used.
Except for the case of two and three cells 1n parallel, there 1s no
Inherent problem of operation of the battery with one cell open-circuited. The
current through the remaining cells 1n the module (same as through each bundle
1n the module) 1s divided between the good cells and varies from 122 to 70 A
for two and 17 cells 1n parallel, respectively. For the case of one cell per
bundle, the current 1s Increased by 4 A (1191/17) to 70 A. This compares to
66 A for normal cell discharge. This relation 1s shown 1n figure 7.
Although the current flow 1s not excessive, except perhaps for the case
of two cells 1n parallel (122 versus 66 A), 1t 1s the voltage of the bundle
(cells 1n parallel) that Is most effected. For the case of one cell per bundle
(single cell strings), the voltage drop 1s not significant since only an
additional 4 A needs to be supplied by each module. The difference 1s 1.50 and
1.53 V for the open and normal operation, respectively. For multiple cells In
parallel, the voltage loss 1s greatest for the fewest cells 1n parallel (two
parallel cells). The bundle voltage for 2, 3, 6, 9, and 18 cells 1n parallel
1s 1.13, 1.35, 1.48, 1.52, and 1.55 V, respectively. This compares to a
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voltage of 1.58, 1.59, 1.57, 1.58, and 1.58 V for normal operation, respectively,
This effect 1s shown 1n figure 8.
CONCLUSIONS
In multl-kilowatt battery systems, the number of cell arrangements possi-
ble Increases to a point where pen and paper calculations become Impractical
to evaluate a system design. The knowledge base of a battery 1s the single
cell. By coupling mathematical equations that describe the effect of current
flowing Into or out of a cell, electrical circuitry equations, and the power
of the computer, Inroads Into system design can be made.
Using a design criteria of 30 kW with a 24 V open circuit potential and
no single-point failures, a battery was designed which required 216 Individual
sodium-sulfur cells. These cells could be arranged 1n six different ways. An
equivalent battery could be constructed by wiring 1, 2, 3, 6, 9, or 18 cells
1n parallel and then connecting 12 parallel groups in series.
By the use of a set of simple but utilitarian equations describing the
sodium-sulfur cell, 1t was shown that:
(1) The arrangement of cells 1n parallel-series configuration has a
meaningful effect upon how each cell functions.
(2) The resulting performance with one cell shorted produces excessive
current flow 1n all arrangements of cells 1n parallel. The battery can be
protected from the shorted cell by fusible links. Single cell strings
connected 1n parallel produce a situation which, 1f not protected by sensors
and switches, will result 1n total battery failure.
(3) An open circuited cell produces a condition where the current 1s
shared proportionately by the remaining parallel arrangement.
For a system that will function with a single point failure and not
require sensors and switches, the battery would have to be constructed with 6
cells 1n parallel, 12 bundles 1n series, and 3 modules connected 1n parallel.
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